Assembly of Viroplasm and Virus-like Particles of Rotavirus by a Semliki Forest Virus Replicon  by Nilsson, Mikael et al.
Assembly of Viroplasm and Virus-like Particles of Rotavirus
by a Semliki Forest Virus Replicon
Mikael Nilsson,* Carl-Henrik von Bonsdorff,† Katharzyna Weclewicz,‡ Jean Cohen,§ and Lennart Svensson*,1
*Department of Virology, Swedish Institute for Infectious Disease Control, and ‡Department of Neuroscience, Karolinska Institute, 105 21
Stockholm Sweden; †Department of Virology, University of Helsinki, Helsinki, Finland; and §Unite´ de Virologie et dI´mmunuologie
Mole´culaires, C.R.J. Institute National de la Recherche Agronomique, 78350 Jouy-en Josas, France
Received June 6, 1997; returned to author for revision July 30, 1997; accepted December 8, 1997
In this study we have used an expression system based on Semliki Forest virus (SFV) to study assembly and intracellular
localization of certain capsid proteins of rotavirus in neurons and mammalian epithelial cells. The complete genes of vp2
(vp2A) and vp6 (vp6A) of group A rotavirus (SA-11) and gene 5 encoding vp6 (vp6C) of porcine group C rotavirus (strain
Cowden/AmC-1) were inserted into an SFV expression replicon. Transfection of BHK-21 cells with in vitro-made SFV
transcripts resulted in a high level of expression of the heterologous genes. Cotransfection with helper RNA encoding the
SFV structural proteins, but lacking the genomic RNA packing signal, resulted in production of recombinant infectious virus.
Immunological and biochemical analysis revealed that vp6 was expressed to high levels in primary neurons and mammalian
epithelial cells and that vp6 was retained as an authentic homotrimer, stabilized by noncovalent interactions with native
antigenic determinants. Thin section electron microscopy analysis revealed that vp6 alone assembled into viroplasm-like
structures in the cytoplasm. While coexpression of vp2 and vp6 of group A rotavirus resulted in formation of single-shelled-
like particles, no evidence of intracellular assembly was found, suggesting that other viral proteins are required for
intracellular formation of single-shelled particles. A notable observation was that the vp6 proteins of group A and C
rotaviruses showed different immunofluorescence patterns in BHK-21 cells; vp6C displayed an intense punctate immuno-
fluorescence pattern, while vp6A was characterized by a pronounced filamentous staining in close vicinity to the cytoskel-
eton. © 1998 Academic Press
INTRODUCTION
Rotavirus, a member of the Reoviridae, undergoes a
unique maturation process in the cytoplasm and the
endoplasmic reticulum (ER). The assembly process,
which includes translocation of subviral particles across
the ER membrane and retention of mature virus in the ER,
has provided a system in which posttranslational events,
such as translocation, protein targeting, and retention,
can be studied (Clarke et al., 1995; Kabcenell and Atkin-
son, 1985; Mirazimi et al., 1996; Poruchynsky et al., 1991;
Stirzaker and Both, 1989; Stirzaker et al., 1990; Svensson
et al., 1994; Tian et al., 1994).
During viral maturation, single-shelled particles are
assembled from vp1, vp2, vp3, and vp6 in the cytoplasm
and interact with NSP4, a virus-encoded transmembrane
protein that resides in the ER and functions as a receptor
for vp6 (Au et al., 1989; Meyer et al., 1989). As the
single-shelled particle buds through the ER membrane, it
transiently acquires an ER membrane-derived envelope.
It appears that the envelope particle loses this mem-
brane in the ER and acquires an outer capsid consisting
of vp7 and vp4 (Adams and Kraft, 1967; Altenburg et al.,
1980). The mechanisms of translocation across the ER,
loss of the lipid envelope, and acquisition of properly
folded outer capsid proteins remain largely unresolved
events, as do several of the key events of rotavirus
maturation occurring within the infected cell, including
assembly of single-shelled particles as well as identifi-
cation of the proteins required for formation and partic-
ipation of viroplasm structures.
While expression of rotavirus proteins by baculovirus
and vaccinia virus vectors has helped to elucidate virus
structure and in certain aspects also the assembly pro-
cess (Crawford et al., 1994; Estes and Cohen, 1989;
Labbe et al., 1994; Tosser et al., 1992), little effort has as
yet been devoted to the detailed study of the intracellular
assembly, particularly by recombinant DNA techniques.
An explanation might be that most rotavirus protein ex-
pression experiments have been performed with bacu-
lovirus, which restricts the experiments to insect cells.
While baculovirus has successfully been used to pro-
duce core and double- and even triple-layered capsids
(Crawford et al., 1994; Labbe et al., 1991; Tosser et al.,
1992) for structural analysis, there is to our knowledge no
indication that the baculovirus expression system is a
suitable model for studying the intracellular assembly or
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protein localization of rotavirus. Furthermore, it has been
shown that posttranslational processing of proteins in
insect cells greatly differs from protein processing in
mammalian cells (Kuroda et al., 1991; Moore et al., 1990),
which further restricts the use of insect cells, especially
if questions regarding intracellular assembly, folding,
and targeting are to be addressed. To address these
questions alternative vectors should be considered.
A candidate expression system for the above pro-
cesses is a replicon based on Semliki Forest virus (SFV)
(Liljestro¨m and Garoff, 1991; Liljestro¨m et al., 1991). SFV
has recently been explored as a vaccine vector and used
for protein expression and production of viral capsids
(Heino et al., 1995; Zhou et al., 1995). Many properties of
the SFV replicon makes it an attractive viral vector; these
include a high level of expression, infection of nondivid-
ing cells, a broad host range, and intracytoplasmic rep-
lication. SFV is an alphavirus with a capped and poly-
adenylated single-stranded RNA of positive polarity
which replicates in the cytoplasm. The SFV replicon
described by Liljestro¨m and Garoff (1991) is based on a
genomic SFV cDNA inserted into a SP6 promoter plas-
mid, which is subsequently modified by deletion of struc-
tural genes and replaced with a polylinker cloning site
allowing heterologous inserts. Transfection with in vitro-
made SFV transcripts results in high-level expression of
heterologous genes. An additional feature of the SFV
expression system is the helper construct. Cotransfec-
tion with a helper RNA, encoding the SFV structural
proteins and lacking the genomic RNA packing signal,
results in production of progeny virus that can be used
for nonproductive infection in a broad range of vertebrate
and invertebrate cells (Liljestro¨m and Garoff, 1991).
RESULTS
Rotavirus vp6 is efficiently expressed by a Semliki
Forest virus replicon in primary neurons and
epithelial cells
To examine the efficiency at which rotavirus group C
vp6 was expressed by the SFV replicon in different cells,
BHK-21 and MA-104 cells and primary rat spinal cord
neurons were infected with recombinant virus and ex-
amined by IF staining at different time intervals postin-
fection. The earliest time point at which vp6 could clearly
be detected by IF in BHK-21 and MA-104 cells was at 6 h
p.i. At 12 h p.i. (Fig. 1A), the fluorescence was character-
ized by discrete viroplasm-like foci located in the cyto-
plasm. The foci increased in IF intensity and size to
about 24 h p.i., when the cells started to detach from the
substrate. Almost 100% of the BHK-21 cells expressed
vp6, compared to only 10–15% of the MA-104 cells under
identical conditions. While the susceptibility of MA-104
cells to SFV infection appeared to be lower than that of
BHK-21 cells, no differences in IF intensity or intracellular
localization were observed between the two cell types.
Electroporation of BHK-21 cells with in vitro-made SFV
transcripts resulted in an intracellular localization and
intensity of vp6 staining identical to those observed with
FIG. 1. SFV virus expression of vp6C in BHK-21 cells and spinal cord
neurons. (A) Immunofluorescence of vp6 in BHK-21 cells at 12 h p.i. vp6
was detected by a group C vp6-specific mab and a FITC–anti-mouse
conjugate. (B) Normarski interference contrast microscopy of spinal
cord neurons. (C) Immunofluorescence at 16 h p.i. of vp6 in spinal cord
neurons. Immunofluorescence staining was performed as in A.
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infection with recombinant virus (data not shown). No
attempts were made to improve the SFV susceptibility of
MA-104 cells by various electroporation protocols.
We have previously used rotavirus as a reporter to
study protein sorting and intracellular transport and
found that rotavirus group A vp6 accumulates both in the
cell body and in dendrites of primary neurons after a
native infection (Weclewicz et al., 1993). We were there-
fore prompted to examine if and where vp6 would accu-
mulate in neurons, when expressed in the absence of
other viral proteins. Primary rat spinal cord neurons were
extracted and cultivated as described under Materials
and Methods and infected with recombinant SFV-vp6C
virus at an m.o.i. of 5. Figure 1C shows that vp6 is
expressed to a high level at 16 h p.i. Using Normarski
projection (Fig. 1B), accumulation of vp6 is visualized not
only throughout the cell body, but also extending into
dendrites until the first bifurcation. The intracellular dis-
tribution of recombinant expressed vp6C appears there-
fore to be identical to the localization of vp6A seen after
a native infection (Weclewicz et al., 1993).
Biosynthesis of vp6 expressed by the SFV replicon
To obtain information regarding the kinetics of vp6
expression, BHK-21 cells were infected with recombinant
SFV-vp6C virus at an m.o.i. of 20. At different time points,
cells were pulse labeled for 10 min with [35S]methionine
followed by a 10-min chase in the presence of cold
methionine and cycloheximide. At 3 h p.i. a polypeptide
with a molecular weight of 43 kDa, corresponding to the
molecular weight reported for vp6C, could be detected
(Nilsson et al., 1993). Its identity was demonstrated by
immunoprecipitation (Fig. 2, lane IP) using a group C
vp6-specific mab (Nilsson and Svensson, 1995). Note
that the host protein synthesis in infected cells de-
creased during the course of infection in comparison to
mock-infected cells (Fig. 2) and that at about 9 h p.i. the
host protein synthesis was almost completely inhibited.
Two faster migrating polypeptides (,20 kDa) were ob-
served in infected cell lysates but not in mock-infected
cells. These polypeptides were not recognized by a
vp6C-specific mab (Fig. 2, lane IP) nor by hyperimmune
sera produced against infectious virus.
Conformational properties of recombinant SFV
expressed vp6
To investigate whether vp6 assembled into oligomeric
structures, as reported after a native infection (Nilsson et
al., 1993) and baculovirus expression in insect cells
(Tosser et al., 1992), BHK-21 cells were infected with
recombinant SFV-vp6C virus at an m.o.i. of 20, pulse
labeled for 10 min at 12 h p.i., and chased for 10 min
before harvesting in reducing or nonreducing sample
buffer. Samples were then divided into two aliquots, one
of which was boiled and the other left untreated before
separation by SDS–PAGE. In the absence of a reducing
agent and without thermal treatment, three dominating
polypeptides were detected (Fig. 3). The molecular
weight of the fastest migrating polypeptide corresponds
FIG. 2. Biosynthesis of SFV-expressed vp6C. BHK-21 cells were
mock-infected or infected (m.o.i. of 20) with recombinant SFV virus and
pulse labeled for 10 min with 50 mCi [35S]methionine at 3, 6, 9, 12, and
24 h p.i. followed by a 10-min chase containing 1 mM cycloheximide
and 203 excess of cold methionine. Lane IP shows immunoprecipita-
tion of vp6C from the 12-h p.i. sample lysate with a vp6C-specific mab
(8G6). Equal amounts of lysate were run under reducing conditions on
10% SDS–PAGE (lanes M–24). Molecular weight markers (3103) are
indicated on the left side of the panel.
FIG. 3. Conformational structures of vp6C expressed by SFV. BHK-21
cells were [35S]methionine labeled at 12 h p.i., chased for 10 min, and
harvested in reducing (BME) or nonreducing sample buffer. Samples
were divided into two aliquots and were either thermal treated for 5 min
at 100°C or incubated at room temperature for 20 min before separa-
tion by 10% SDS–PAGE.
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to monomeric vp6 (Fig. 2) (Nilsson et al., 1993) and the
two high molecular weight polypeptides (approx. 85–90
and 120–140 kDa) are proposed to correspond to dimeric
and trimeric forms of vp6. It can be concluded from the
experiments presented in Fig. 3 that vp6C assembles at
10 min posttranslation into homodimers and homotri-
mers and that the monomers are held together by hydro-
phobic interactions rather than disulfide bonds. Figure 3
also shows that not all vp6 molecules are assembled
into oligomers within 10 min after translation. The differ-
ence in the amount (intensity) between boiled and un-
treated vp6C further supports the conclusion that mono-
meric vp6 assembles in trimers, as during native infec-
tion (Nilsson et al., 1993).
Rotavirus vp6 accumulates into viroplasm-like
structures in the cytoplasm of epithelial cells
One important feature in rotavirus morphogenesis is
the accumulation of viral proteins into viroplasm-like in-
clusion. Early work has established that at least vp2 and
vp6 are constituents of these viroplasm (Chasey, 1980;
Petrie et al., 1982), but whether additional viral and/or
cellular proteins accumulate and participate in the for-
mation of viroplasms is yet unresolved; neither is it
known if individual proteins can assemble into viro-
plasms. The fact that vp6 accumulated into large distinct
cytoplasmic foci as visualized by IF (Fig. 1) stimulated us
to investigate its intracellular localization and whether
vp6 alone could form viroplasm-like structures. To ad-
dress this question, BHK-21 cells were infected with
recombinant SFV-vp6C virs at an m.o.i. of 5 or mock
infected with native SFV virus and processed for thin
section electron microscopy after various time points. At
12 h p.i. the viroplasm-like inclusions were only rarely
detected but became abundant during the course of
infection. Samples collected at 26 h p.i. demonstrated
cytoplasmic inclusions (Fig. 4A) resembling those de-
scribed for rotavirus (Chasey, 1980; Nilsson et al., 1993).
At this time point the cytoplasm also contained numer-
ous cytoplasmic vacuoles (CPV) which are characteristic
of a SFV-infected cell and which represent the sites of
replication (Grimley et al., 1968), confirming that the cells
examined had been infected with recombinant virus. In
contrast to the typical viroplasms and single-shelled cap-
sid assembly seen during a native rotavirus infection
(Fig. 4B) (Chasey, 1980), the recombinant SFV-vp6C-in-
fected cells were devoid of capsid structures resembling
single-shelled particles. Figure 4C confirms previous re-
ports that infection with SFV infection leads to the for-
mation of CPV but not viroplasm-like structures (Grimley
et al., 1968). The observations therefore support the con-
clusion that SFV-expressed vp6 alone can accumulate
into viroplasm-like structures in the cytoplasm of epithe-
lial cells, but that additional viral proteins are required for
formation of single-shelled particles.
It has previously been reported that crystalline forms
of vp6 can be found in fecal material (Chasey and La-
bram, 1983) and also when vp6 is expressed by baculo-
virus (Estes et al., 1987). When we examined lysed in-
fected cells by negative staining and electron micros-
copy, we found no evidence of 2-D crystals or structures
resembling sheets or tubular forms of vp6.
Extracellular but not intracellular formation of single-
shelled-like particles by coexpression of vp2 and vp6
The observation that vp6 alone could accumulate into
viroplasm-like inclusions stimulated us to examine if
coexpressed vp2 and vp6 could assemble intracellularly
into single-shelled-like particles. To address this ques-
tion, BHK-21 cells were electroporated with SFV tran-
scripts producing vp2 and vp6 of group A rotavirus. Cells
were fixed at 12 and 24 h postelectroporation and were
processed for thin section electron microscopy or frozen
and later examined by negative staining and electron
microscopy. The only intracellular structures observed
were the viroplasms that also could be seen when vp6
was expressed alone (Fig. 4). However, similarly to what
has been previously reported for baculovirus expression
experiments (Tosser et al., 1992), extracellular single-
shelled-like particles could be recognized by negative
staining (Fig. 6). The absence of intracellular single-
shelled particles was not due to the failure of coexpres-
sion of vp2 and vp6 in the same cells since a significant
number of cells expressed both vp2 and vp6, as demon-
strated by double IF (Fig. 5). The number of virus-like
particles produced from 1 well of a 6-well plate was
approx. 1 3 107 particles/ml as determined by EM. The
summary from these experiments is that while vp2 and
vp6 are sufficient for extracellular particle formation, ad-
ditional viral proteins are required for intracellular forma-
tion of single-shelled particles.
SFV-expressed vp6 from group A and C rotaviruses
displays different immunofluorescence patterns in
epithelial cells
In order to examine if proteins with a similar function
and structure, but with different genetic and immunolog-
ical backgrounds would be expressed equally well by
FIG. 4. Thin section electronmicroscopy of SFV-vp6C-infected BHK-21 cells. (A) Accumulation of viroplasm-like structures in BHK-21 cells after 26 h
of SFV-vp6C infection. Arrowheads indicate typical CPV vacuoles of SFV. Stars indicate typical rotavirus viroplasm-like structures. (B) Native viroplasm
of rotavirus (RRV) in MA-104 cells and formation of single-shelled particles. Note the absence of CPV vacuoles. (C) BHK-21 cells infected with native
SFV virus. Note the presence of CPV vacuoles and the absence of viroplasm-like structures.
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the SFV replicon, electroporated SFV transcripts (pSFV-
1-vp6A and pSFV-1-vp6C) expressing vp6A and vp6C,
respectively, into BHK-21 cells and also infected BHK-21
cells with recombinant virus expressing vp6A and vp6C.
While both proteins were well expressed and as far as
we could determine expressed with similar kinetics, they
surprisingly showed different IF patterns (Fig. 7). In con-
trast to the intense and punctate IF pattern seen with
vp6C (Fig. 7B), vp6 from group A rotavirus showed a
completely different IF pattern (Fig. 7A), characterized by
a pronounced filamentous staining in close vicinity to the
cell nucleus. The difference in IF patterns between vp6a
and vp6C remained during the course of infection (i.e.,
from 6 to 24 h p.i.) and no accumulation of vp6C around
the nucleus was seen. The same differences between
vp6A and vp6C distribution were observed indepen-
dently if expression was accomplished by electropora-
tion or by infection with recombinant virus. The different
fluorescence patterns were not due to recognizion of
different forms of vp6 as both mabs recognize trimeric
vp6 (Greenberg et al., 1983), Fig. 8.
DISCUSSION
This report describes expression and intracellular as-
sembly of certain capsid proteins of group A and C
rotaviruses in different cells by a Semliki Forest virus
replicon. A major goal of the study was to find an efficient
expression system that would allow questions regarding
intracellular assembly and localization of individual rota-
virus proteins to be addressed. While expression of ro-
tavirus proteins by baculovirus and vaccinia virus vectors
have previously helped to elucidate the structure of ro-
tavirus (Crawford et al., 1994; Labbe et al., 1994; Tosser et
al., 1992) little effort has, however, yet been devoted to a
more detailed study of the unique intracellular assembly
process of rotavirus, particularly by recombinant DNA
techniques.
A candidate expression system for these studies is a SFV-
based replicon (Liljestro¨m and Garoff, 1991; Liljestro¨m et al.,
1991). SFV has recently been explored as a vaccine vector and
used for protein expression and production of viral capsids
(Heino et al., 1995; Zhou et al., 1995). Many properties of the
FIG. 5. Coexpression of vp2A and vp6A in BHK cells as illustrated by double IF. Briefly, transcripts made from pSFV-1-vp2A and pSFV-1-vp6A were
electroporated into BHK cells and stained by IF. (A) cells stained with mouse anti-vp2 mab (1/14) and goat anti-mouse FITC conjugate. (B) Same cells
stained with rabbit anti-vp6 and goat anti-rabbit rodamine conjugate.
FIG. 6. Negative staining of single-shelled-like particles (vp2 and
vp6) produced by coelectroporation BHK-21 cells with pSFV-1-vp6A and
pSFV-1-vp2A transcripts.
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SFV replicon makes it an attractive viral vector, including the
ability to infect nondividing cells, cytoplasmic replication, and a
broad host range (Liljestro¨m and Garoff, 1991).
Our results demonstrate that capsid proteins of rota-
virus were efficiently and rapidly expressed in epithelial
cells, particularly BHK-21. The earliest time point at which
vp6 was detected by IF was at 6 h p.i. The fluorescence
was characterized by discrete viroplasm-like structures
in the cytoplasm, as seen during a native infection. An
interesting observation was that vp6 of group A and C
rotaviruses displayed different IF patterns. In contrast to
the intense and punctate fluorescence seen with vp6C,
vp6A was characterized by a more filamentous staining.
The difference was not attributed to recognition of differ-
ent forms of vp6, as (i) both Mabs used recognize trim-
eric forms of vp6 (Greenberg et al., 1983) (Fig. 8) and (ii)
polyclonal antisera showed a staining identical to their
corresponding mabs.
When primary rat spinal cord neurons were infected,
they expressed vp6 up to 20 h p.i. without showing signs
of cytotoxicity. This contrasts to a previous study where
rat hippocampal neurons tolerated SFV infection for a
significantly shorter time (8 h) (Olkkonen et al., 1993). The
different observations may be attributed to the use of
different cells (spinal cord vs hippocampal neurons)
FIG. 8. Mab 8G6 recognize trimers of vp6C. BHK cells infected with
SFV-vp6C were lysed 24 h p.i. and separated by 10% SDS–PAGE and
subsequently blotted onto nitrocellulose membrane. Mock-infected
cells lysate (lane A). Lysates were either incubated at room tempera-
ture for 20 min (lane B) or boiled for 5 min (lane C) prior to electro-
phoresis. Molecular weight markers (3103) are indicated on the left
side of the panel.
FIG. 7. Localization of vp6 of group A and C rotaviruses in BHK-21 cells after electroporation with transcripts made from pSFV-1-vp6A and
pSFV-1-vp6C replicons. Vp6A (A) was identified by immunofluorescence using a vp6 trimer-specific mab (255) and vp6C (B) was identified with a
vp6-specific mab (8G6).
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and/or to intrinsic properties of the expressed proteins.
We have previously used rotavirus as a reporter to study
protein sorting and intracellular transport and found that
rotavirus vp6 accumulates both in the cell body and in
the dendrites of primary neurons (Weclewicz et al., 1993).
In this study we found that SFV-expressed vp6 was
distributed to the same locations in the neuron as during
a native infection, which suggests that targeting and
accumulation of vp6 in neurons is independent of other
viral proteins.
By infecting BHK-21 cells with recombinant SFV ex-
pressing VP6, production of a protein with identical mo-
lecular weight as native vp6 (Nilsson et al., 1993) was
already evident at 3 h p.i. and was predominantly syn-
thesized between 6 and 24 h p.i. Comparisons between
BHK-21 and MA-104 cells revealed that BHK-21 cells
were far more susceptible to SFV infection than MA-104.
One explanation might be that SFV is adapted to growth
in BHK-21 cells, but this does not, however, explain the
differences seen also after electroporation. The obser-
vation that vp6 assembled into trimers and that these
were stabilized by noncovalent bonds is in agreement
with observations made regarding native virus (Nilsson
et al., 1993). That vp6 of both groups A and C were
expressed under native conditions is further supported
by their reactivity with trimer-specific Mabs.
A characteristic feature in rotavirus morphogenesis is
the accumulation of viral proteins into viroplasm-like in-
clusions and it has previously been reported that at least
vp2 and vp6 are constituents of these viroplasms (Cha-
sey, 1980; Petrie et al., 1982). A novel observation from
our experiments was the finding that vp6 alone could
accumulate into viroplasm-like structures. While viro-
plasms could be recognized intracellularly, no capsid
structures resembling particles were observed in thin
sections, nor could tubular forms be identified extracel-
lularly, as has been reported in feces (Chasey and La-
bram, 1983) or by expression of vp6 by baculovirus (Es-
tes et al., 1987).
The fact that authentic viroplasms contain at least vp2
and vp6 stimulated us to coexpress these proteins to
examine the formation of intracellular capsid structures.
In spite of a repeated number of experiments under
various conditions we were not able to detect intracel-
lular single-shelled particles. However, similarly to ob-
servations during vaccinia and baculovirus expression,
extracellular virus-like particles could be detected (Craw-
ford et al., 1994; Redmond et al., 1993; Tosser et al., 1992).
This set of studies, which in certain aspects has not
been previously performed, indicates that intracellular
assembly is more complex than extracellular assembly,
suggesting that intracellular assembly of rotavirus re-
quires not only vp2 and vp6 but additional viral proteins.
This study also shows that SFV is a simple and potent
expression vector that will be useful for further investi-
gation of rotavirus morphogenesis.
MATERIALS AND METHODS
DNA constructs
cDNAs encoding the open reading frames of vp6 (vp6C)
from porcine group C rotavirus (strain Cowden/AmC-1) and
vp2 (vp2A) and vp6 (vp6A) of group A rotavirus (strain SA-11)
were synthesized by reverse transcription followed by poly-
merase chain reaction. The primers used (59–39) were, for
vp6C, 59-CACGAATTCGGATCCAATCTCATTCACAATG-
GATGT, 39-CACGAATTCGGATCCCACATAGAGATTG-
GTTAGATC, Vp6A; 59-GAATTCGGATCCTCTTCAACATG-
GATGTCC, 39-GAATTCGGATCCCTTGGTCCTCATTTAA and
for Vp2A; 59-AATGAATTCGGATCCATTAAAGGCTCAATG, 39-
AATGAATTCGGATCCGCGTTTACAGTTC. Underlined se-
quences indicate restriction sites for EcoRI and BamHI. The
DNA was digested with BamHI and ligated into the BamHI
site of a pGEM-3Z plasmid (Promega Inc., U.S.A.). After
transfection into Escherichia coli (JM 109) positive clones
were purified and plasmids were digested with BamHI and
ligated into the BamHI site of a SFV expression vector
(pSFV-1) (Liljestro¨m and Garoff, 1991). The recombinant
plasmids (pSFV-vp6C, pSFV-vp2A, pSFV-vp6A) were then
transfected into E. coli (DH5 a) as described (Liljestro¨m and
Garoff, 1991).
In vitro transcription and electroporation
Recombinant plasmids were purified using plasmid mini-
preps (Promega Inc.) and linearized by SpeI digestion. Lin-
earized plasmids (1–2 mg) were used as templates for in
vitro transcription using SP6 RNA polymerase (Liljestro¨m
and Garoff, 1991). Briefly, RNA was synthesized in a 50-ml
reaction mixture containing 40 mM HEPES–KOH, pH 7.4, 6
mM MgOAc, 2 mM spermidine–HCl, 5 mM DTT, 1 mM each
ATP, CTP, and UTP, 500 mM GTP, 40 U RNasin (Promega),
50 U SP6 Polymerase (Pharmacia, Sweden), and 1 mM
capping analog m7G(59)ppp(59)G (Pharmacia, Sweden). The
reaction mixture was incubated at 37°C for 1 h and frozen
at 270°C until transfection.
Messenger RNA was transfected into BHK-21 cells by
electroporation as previously described (Liljestro¨m and
Garoff, 1991). Briefly, BHK-21 cells were grown to late log
phase, washed in PBS (without Mg21 and Ca21),
trypsinized, washed once in BHK medium (G-MEM, 5%
fetal calf serum, 10% tryptose phosphate broth, 20 mM
HEPES, 2 mM glutamine, penicillin, and streptomycin)
and once in ice-cold PBS before resuspension in PBS to
give 107 cells/ml. For electroporation, 780 ml of cell sus-
pension was mixed thoroughly with 20 ml of crude undi-
luted mRNA solution and transferred to a 0.4-cm electro-
poration cuvette. Electroporation was performed at room
temperature in a Bio-Rad gene pulser with two consec-
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utive pulses at 850 V/25 mF. Electrotransfected cells
were diluted 1:20 in BHK medium and seeded onto
tissue culture dishes.
Generation of recombinant Semliki Forest virus
In vitro transcripts made from recombinant pSFV-1
plasmids were electroporated into BHK-21 cells together
with equal amounts of mRNA produced from SpeI-linear-
ized pSFV-Helper 1 plasmid coding for the structural
proteins of SFV (Liljestro¨m and Garoff, 1991). Electropo-
rated BHK-21 cells were then diluted 1:20 in BHK medium
and seeded onto tissue culture dishes and incubated for
24 h before 0.5-ml fractions of the medium were col-
lected and frozen at 270°C until further use.
Neurons
Spinal cord neurons were obtained by dissecting em-
bryos of Sprague–Dawley rats at 15–18 days of gestation.
The cultures were prepared as described previously
(Weclewicz et al., 1993). Briefly, spinal cord cells were
seeded onto collagen-coated (Collagen Corporation,
Palo Alto, CA) glass coverslips in sterile plastic dishes
(Costar, Cambridge, MA). The culture media consisted of
Eagle’s minimal essential medium (EMEM; Flow Labora-
tories, Irvine, Scotland) supplemented with 10% horse
serum (Gibco), 2% chick embryo extract (Flow Laborato-
ries), gentamycin sulfate (15 mg/ml; Sigma, St. Louis,
MO), glucose (6 mg/ml), L-glutamine (200 mM), and nerve
growth factor (1 ng/ml); Sigma). The medium was
changed three times a week. After 4–5 days the cultures
were exposed to cytosine arabinoside (3 mg/ml; Sigma)
for 48 h, and 12–14 days later the neurons were infected
with recombinant SFV.
Western blot analysis
Proteins separated by 10% SDS–PAGE were electro-
blotted onto nitrocellulose membranes in a transfer
buffer containing methanol (25 mM Tris, 192 mM gly-
cine, 20% methanol). Membranes were blocked with
TBS buffer [20 mM Tris–HCl (pH 7.5), 150 mM NaCl,
0.1% v/v Tween 20] for 1 h at room temperature (RT)
and incubated for 2 h at RT with a vp6C-specific mab
(8G6) diluted 1:2000. After three washes in TBS, bioti-
nylated anti-mouse Ig (Amersham UK) was added and
incubated for 1 h at RT. Blots were subsequently
washed three times in TBS and incubated with strepta-
vidin-conjugated alkaline phosphatase (Bio-Rad) for
1 h at RT. Blots were developed using a commercial
alkaline phosphatase conjugate substrate kit (Bio-
Rad) containing nitroblue tetrazolium and 5-bromo-4-
chloro-3-indolyl phosphate.
Immunofluorescence (IF)
Confluent monolayers of BHK 21, MA-104, or spinal
cord neurons on glass coverslips or Lab-Tek cham-
bers (Nunc, Denmark) were infected with recombinant
SFV and incubated for 1 h at 37°C. The inoculum was
subsequently removed and replaced with medium
(EMEM) supplemented with 5% FCS and incubated for
the time desired before fixation with cold methanol.
For immunolabeling cells were rinsed twice in PBS
followed by three rinses in PBS/0.2% BSA and subse-
quently incubated with polyclonal (rabbit diluted 1:10)
or monoclonal antibodies (diluted 1:100) for 45 min at
37°C. After rinsing with PBS, fluorescein isothiocya-
nate (FITC)- or Texas Red isothiocyanate (TRITC)-con-
jugated goat anti-mouse IgG or anti-rabbit IgG was
added and incubated for 45 min at 37°C. The cells
were finally washed three times in PBS, mounted, and
inspected for immunofluorescence. Double IF on BHK
cells cotransfected with mRNA from pSFV-vp6A and
pSFV-vp2A was performed as described above, using
anti-vp2 mab 1/14 (diluted 1:50), polyclonal rabbit se-
rum (diluted 1:40), FITC-conjugated goat anti-mouse
IgG, and TRITC-conjugated goat anti-rabbit IgG.
Metabolic labeling of recombinant proteins
Confluent monolayers of BHK-21 grown in 24-well tis-
sue culture plates (Nunc, Denmark) were washed twice
in PBS before inoculation with 200 ml recombinant SFV at
a m.o.i. of 20 or mock infected. After 1 h at 37°C the
inoculum was removed and replaced with 1 ml EMEM
containing 5% FCS.
Cells were washed and incubated in serum-free
EMEM without methionine for 30 min at 37°C before a
10-min pulse with 50 mCi [35S]methionine (Tran35S-label,
ICN, Irvine) at 3, 6, 9, 12, and 24 h p.i. Cells were then
chased in EMEM for 10 min containing 20 times the
normal concentration of nonlabeled methionine and 1
mM cycloheximide.
Cells were harvested in 300 ml lysis buffer (10 mM
Tris–HCl, 150 mM NaCl, 0.1% SDS, 1% Triton X-100, and
Trasylol–aprotinin, pH 7.8) and held on ice for 10 min
before centrifugation for 5 min at 10 000 rpm in an
Eppendorf centrifuge.
Protein products were analyzed by SDS–PAGE using
10% separation gels. All samples were dissolved in sam-
ple buffer [6% SDS, 6% mercaptoethanol, 3 mM EDTA,
20% glycerol, 100 mM Tris–H3PO4, 0.05% bromophenol
blue (pH 6.8)], unless otherwise stated, and boiled for 5
min before being loaded onto the gel. Electrophoresis
was carried out at a constant voltage of 150 V at room
temperature for 1 h. Gels were fixed with 10% (v/v) glacial
acetic acid and 30% (v/v) methanol, fluorographed with
Amplify (Amersham), and exposed on X-ray film (X-omat
Kodak) at 270°C.
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Radioimmunoprecipitation assay (RIPA)
Radioimmunoprecipitation assay was performed essen-
tially as previously described (Svensson et al., 1987). Briefly,
radiolabeled cell lysates (40 ml) were mixed with 460 ml
RIPA buffer (10 mM Tris–HCl, 150 mM NaCl, 600 mM KCl, 5
mM EDTA, 2% Triton X-100; pH 7.8) and 2 ml of monoclonal
antibodies. The mixture was incubated overnight at 14°C
followed by addition of 25 ml Protein A–Sepharose (Phar-
macia, Sweden) for 2 h at room temperature. The immune
complexes were then washed four times in RIPA buffer and
once in 10 mM Tris–HCl, 150 mM NaCl (pH 8.0) before
boiling for 5 min in sample buffer.
Electron microscopy (EM)
Thin section. For thin section electron microscopy,
BHK-21 cells in 5-cm petri dishes were infected with
recombinant virus at a m.o.i. of 20. After an adsorption
period of 1 h, the inoculum was removed and 5 ml of
medium (EMEM containing 0.2% BSA) was added. At
various time points, medium was removed and 0.5 ml of
2.5% glutaraldehyde in cacodylate buffer (100 mM; pH
7.2) was added to cells for fixation. The cells were
scraped off and pelleted by centrifugation and the fixa-
tion process was allowed to continue for 30 min, at which
time the fixative was replaced by cacodylate buffer until
further processing of the cells. Postfixation included
treatment with 1% OsO4 for 1 h, followed by dehydration
through ethanol series. Cells were embedded in Epon
812 in Eppendorf tubes. Thin sections were cut with a
Porter-Blum MT-6000 ultramicrotome and the sections
were stained with lead hydroxide. Micrographs were
taken with a Jeol CX-100 electron microscope.
Negative staining. Infected cultures were frozen and
thawed twice and subsequently pelleted by centrifuga-
tion. The supernatant was then transferred to EM grids
for negative staining with potassium phosphotungstate
(pH 6.0) followed by EM examination.
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